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Abstract

:

Highly cross-linked polyethylene glycol monoliths (HCPEG) with interconnected micro and nanoporosity are produced via photo-crosslinking of low internal phase emulsions (LIPE). Unlike previous works, this approach allows the pre-processing functionalization of both polymer matrix and porosity by loading both phases of the emulsion template with several active fillers, such as enzymes, semiconductive polymers, and metallic nanostructures. Importantly, both polymer matrix and porosity of the resulting composite HCPEG monoliths show neither serious cross-contamination nor morphological alterations. All in all, this material behaves like a network of nano/micro flasks embedded into a permeable media. Mechanical and dielectric properties of these composites HCPEG monoliths can be tuned by varying the content of fillers. Since these composite materials are produced by photo-crosslinking of LIPEs, they can be easily and rapidly processed into complex shapes like microneedles arrays through replica molding without detrimental modifications of the porous morphology. In principle, the proposed strategy allows us to fabricate medical devices. As proof of concept, we embedded glucose oxidase enzyme in the nanoporosity and the resulting composite porous material retained the catalytic activity towards the oxidation of glucose.
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1. Introduction


Imparting porous architecture to macroscopic objects has been a key scientific subject for a long time [1,2,3,4]. From then on, a plethora of porous materials have been synthesized and, among the others, polymer-based porous materials have gained much interest due to their easy processability and diversity of synthetic routes at our disposal [3,4]. In addition, porous polymer materials have found many applications in several fields, e.g., gas storage and separation, controlled release of drugs, catalysis, and sensing [4,5,6,7]. One subclass of porous polymer materials, known as monolithic polymer materials, is particularly promising due to some remarkable characteristics, i.e., variety of porosity, pore size, and many combinations of chemical functionalities by controlling precursors and chemistry during polymerization [8,9,10,11,12,13,14,15,16,17,18].



Porous polymer monoliths are usually defined as rigid and continuous objects with an open cellular porous structure, which allows fluids to flow through. These are usually prepared by copolymerization of functional monomers and crosslinkers in presence of porogenic solvents/agents. Although this approach is proven solid and feasible, it still has some limitations once a multi-functional porous polymer monolith has to be prepared. Indeed, such functionalities are typically obtained starting from functional monomers whose functional groups are mainly lost within the dense polymer structure. Conversely, post-modification strategies of monolithics have been invoked to overcome these limitations, including post-processing chemical modification of monoliths such as epoxy groups of polymerized glycidyl methacrylate units [19,20] or modification of the pore surface by grafting of functional polymer chains [21,22,23,24,25,26,27]. Albeit these approaches enable independent control over porous structure and surface chemistry, they require a complex post processing modification, which in turn requires a certain degree of control over the reaction conditions, making the process not very straightforward.



On the other hand, the photoinitiated polymerization route towards porous polymer structures has been implemented in several studies [28,29,30,31,32,33] where high internal phase emulsions were used as templates. Although using high internal phase emulsions brings several sought-after structural properties, such as high porosity and degree of pores interconnectivity, it also shows some drawbacks, such as poor mechanical strength and, more importantly, the polymer structure mainly acts as a support or scaffold for post-processing functionalization.



Differently, this paper investigates the photoinitiated polymerization of low internal phase emulsion into porous monolithic materials featuring (i) interconnected meso-porosity, (ii) suitable Young’ module, (iii) independent loading of the pores and polymer matrix without serious cross-contamination (controlled differential loading) with virtually any compatible materials of choice (polymers, nanostructures, biomolecules), and (iv) good processability.



Monolithic porous materials in the shape of microneedles arrays have been the subject of intense research as transdermal drug delivery systems [34,35,36,37,38]. On the contrary, much less attention has been paid to their application as transdermal medical devices for personal healthcare monitoring [39,40,41]. The skin interstitial fluid shows a dynamic exchange of molecules with capillary blood vessels therefore it allows us to access a range of analytes in a continuous and mini-invasive manner [42]. For instance, the continuous measurement of the glucose levels present in the skin interstitial fluid may allow the continuous and mini-invasive monitoring of glycaemia in diabetic patients [43]. Bearing this in mind, we have tested the proposed procedure on the fabrication of microneedles arrays by replica molding and application in glucose monitoring.




2. Materials and Methods


PEG-DA (250 Da), Pluronic F68, camphorsulfonic acid (CSA), aniline hydrochloride, ammonium persulfate (NH   4  )   2  S   2  O   8   (APS), chloroauric acid, sodium citrate, glucose oxidase enzyme (GOX), D-glucose, horseradish peroxidase (HRP), Phosphate-buffered saline tablets (PBS), N,N-Diethylaniline-4-Aminoantipyrine, dimethyl carbonate (DMC), and hydrogen peroxide (30% vol) were purchased from Sigma Aldrich, photoinitiator darocure 1173 from Ciba and QUETOL 651 resin from Electron Microscopy Sciences.



2.1. Synthesis of the Loaded and Empty Porous HCPEG Monoliths and of Non Porous HCPEG Monoliths


Empty porous HCPEG monoliths and porous HCPEG monoliths loaded with fillers, such as polyaniline doped with camphorsulfonic acid (PANI), gold nanowires networks (GNWs), and glucose oxidase enzyme (GOX), were composed of highly crosslinked polyethylene glycol (HCPEG) solid specimens obtained by photo-induced radical polymerization of low internal phase emulsion templates. In these low internal phase emulsion templates, water droplets (20% vol), which could be either loaded or not loaded with fillers such as GOX and GNWs, were stabilized by the surfactant Pluronic F68 (180 mg/mL) and dispersed in the PEG-DA oil phase (80% vol), which contained the photo initiator Darocour 1173 (2% wt) and could be loaded or not loaded with PANI. Soon after being prepared, the low internal phase emulsion templates were ultrasonicated with QSONICA sonicator using a microtip (diameter 2 mm) for 20 s at amplitude 30% (6 μm) corresponding to a power density of 34 W/cm   2  . The ultrasonication was carried in an ice bath to disperse the excessive heat generated by ultrasonic waves. A few drops of low internal phase emulsion template were placed on a microscope slide, with glass spacers for each side, and covered with a coverslip. Each single glass spacer was 0.17 mm thick and the overall specimens’ thickness could be modulated by varying the number of glass spacers. The photo-polymerization was then conducted on this set-up by irradiating at 365 nm with a UV lamp (Spectroline ENF-260C/FE) for 20 min to have a solid porous matrix. Once these low internal phase emulsion templates were photo-crosslinked they turned into rigid porous monolithic HCPEG (schematic representation of the fabrication process is reported in Figure 1a). Similarly, non-porous HCPEG monoliths were produced by UV photoreticolation of PEG-DA with Darocour 1173 (2% wt).




2.2. Synthesis of Polyaniline Doped with Camphorsulfonic Acid


Polyaniline doped with camphorsulfonic acid (PANI) was synthesized via in situ emulsion polymerization [44]. In a typical synthesis, 0.003 mol (0.704 g) of CSA was mixed with 0.05 mol (4.5 g) of aniline monomer in 200 mL of DI water for 2 h. The mixture was cooled to 273 K in an ice bath, then 50 mL of an aqueous solution containing 0.04 mol (9 g) of APS was added dropwise into the emulsion while stirring at 273 K. After 4 h, the precipitate was collected on a Buchner funnel and repeatedly rinsed with water. The products were then dried in an oven for 12 h. The final polymer was characterized by UV-visible spectroscopy, IR, and Scanning Electron Microscopy (data not showed).




2.3. Synthesis of Gold-Nanowires Networks


Gold-nanowires networks were synthesized following the procedure in [45]. Briefly, the process involved only mixing trisodium citrate (38.8 mM) and gold chloride (4 mM) stock solutions at a molar ratio R = 9.7 followed by the ageing of solution. After initial mixing the colour for all the solutions gradually changed in the following order—light yellow, colourless, reddish-black, reddish-brown, and finally to different shades of black (nanowire networks). NWNs were obtained as intermediates and a washing step with Milli-Q water was required to halt the reduction process around 2–3 h after mixing of reagents.




2.4. Solutions Preparation


Pluronic F68 standard solution was produced by dissolving 3.60 g of Plutonic F68 in 10 mL of DI water under continuous magnetic stirring. The as-produced solution was sonicated at 59 kHz for 30 min at 313 K to ensure the complete dissolution of Plutonic F68. This stock solution was diluted with 10 mL of DI water to obtain a final concentration of 180 mg/mL in Pluronic F68 before being added to PEG-DA phase. Solution of GNWs at different concentrations were prepared by settling down the GNWs by centrifugation followed by solvent DI water removal. Final concentrations in gold(III) ions were determined by ICP-MS. Since enzyme activity is sensible to pH we buffered the water phase with PBS 100 mM at pH 7.4 when GOX (1 U/mL) was used and for the catalytic activity test. Dispersions of PANI at several % wt in PEG-DA (Table S1) were prepared following a process aided by a co-solvent (DCM). The desired amount of PANI was added to a mixture of PEG-DA and DCM 90:10 in volume, followed by sonication and evaporation of the co-solvent, after that the photo-initiator Darocur 1173 was added (2% wt).




2.5. Porous HCPEG Loading


Porous HCPEG was loaded with several materials and compounds by simply using the solutions or dispersion reported in the section above to prepare the low internal phase emulsion templates.




2.6. Electron Microscopy Analysis


Morphological characterizations were carried out by Transmission Electron Microscopy (FEI Tecnai G2 transmission electron microscope at 200 kV and images were acquired by Eagle 2K CCD-HS camera) and Scanning Electron Microscopy (Ultra Plus Zeiss Germany, FEG-SEM). TEM and SEM images were post-processed using the software Fiji [46]. For SEM and TEM analyses, small pieces of materials were immersed in QUETOL 651 resin (Electron Microscopy Sciences) for two days and were stored in a refrigerator. On the third day, the specimens were taken from the refrigerator and placed in silicon molds and a thin layer of resin was deposed on top and left to harden for more than four hours in an oven at 333 K to obtain small resin blocks with embedded specimens. These blocks were then covered with other resin and left to harden over-night at room temperature. Slices 5 μm and 50 nm thick were cut off for the SEM and TEM analyses, respectively, using a Leica CryoUlta Microtome EM-FC7-UC7.




2.7. Nanoindenter Mechanical Characterization


Mechanical characterization of composite monolithic porous materials was carried out using the nanoindenter (G200, Agilent Technologies). Thin flat films of these materials (diameter 1 cm, thickness 300 μm) were glued on stubs and were tested with Nanoindenter. The Young’s modulus against the indentation depth was recorded for each sample and calculated as the value corresponding to the establishment of the plateau. Setting parameters were: Depth Limit 6000 nm; Strain Rate Target 0.05 1/s; Harmonic Displacement Target 2 nm; Frequency Target 40 Hz; Poisson Ratio 0.33; Surface Approach Velocity 30 nm/s; Surface Approach Distance 5000 nm; Max Profundity Depth 6000 nm.




2.8. Confocal Fluorescence Microscopy Characterization


Permeability tests were conducted by observing the penetration of sulforhodamine B, both in porous HCPEG and in non-porous HCPEG. Thin films were prepared following the subsequent procedure: one drop (20 uL) of prepolymer solution was deposited on a sheet of non-adhesive transparent teflon, then covered with another sheet of transparent teflon and squeezed between using a weight. These sandwiches were exposed to UV light (at 365 nm wavelengths for 20 min) to photo-reticulate. The thicknesses of the layers were evaluated using the profilometer (VEECO DEKTAT 150). The range of thickness was measured between 40–60 μm. The as-produced specimens were shaped into 5 by 5 mm square and then immersed into 1 mL sulforhodamine B (1 mg/mL) solution for a specified period. The specimens were recovered and left to dry before being included in a PDMS block. In a mold for material inclusion in resin, a first layer of PDMS was deposed and cured at 90 °C. On this layer, the recovered and dried specimens were covered with another PDMS layer. When the block of PDMS was hardened, 5 μm slices of these specimens in PDMS were achieved by using a Leica CryoUlta Microtome EM-FC7-UC7. The sectioning was carried out at T ∼ 88 K which is far below the glass transition temperature of PDMS polymer (Tg ∼ 152 K). Due to the low temperature employed during the process the specimens were easier to slice but also brittle bringing to some variability between different slices. Slices coming as much as possible from a similar region of different specimens were selected and observed at the confocal (LEICA TCS SP5II) with excitation laser set at 543 nm wavelengths.




2.9. Impedance Spectroscopy Analysis


AC electrical response of the composites was investigated through Impedance Spectroscopy Analysis using a two-probe method formed by two aluminum discs as electrodes connected to an AUTOLAB PGSTAT302N (potentiostat/galvanostat) equipped with a FRA32M module (frequency response analysis module). Impedance spectra were recorded in potentiostatic mode with an amplitude of 0.01 V and frequencies ranging from 100 kHz to 0.01 Hz between the electrodes. For each measurement, three readings and 50 data points (logarithmic frequency step) per reading were collected.




2.10. Enzymatic Activity Analysis


The enzymatic activity of GOX pristine and in the porous materials was validated at room temperature by colorimetry of N,N-Diethylaniline-4-Aminoantipyrine (4-AM) [32]. The assay is based on the following reactions:



reaction catalyzed by GOX


  β - D - g l u c o s e +  O 2  → D - g l u c o n o - 1 , 5 - l a c t o n e +  H 2   O 2   



(1)







reaction catalyzed by HRP


  2  H 2   O 2  + 4 - A M + P h e n o l → Q u i n o n e i m i n e  d y e + 4  H 2  O  



(2)







GOX, and monolith with GOX were, separately, put in contact with a PBS (100 mM) solution of phenol (0.01 M), 4-AM (2.2 mM) and  β -D-glucose (0.1 M), and HRP (1.25 U/mL). In both cases, GOX concentration was Units/mL. Change in the absorbance at 500 nm of the solution indicates the generation of Quinoneimine dye, which on its turn indicates the generation of hydrogen peroxide due to the  β -D-glucose oxidation to D-glucono-1,5-lactone that is catalyzed by the GOX enzyme.





3. Results and Discussion


As it will be shown later in this manuscript, using LIPEs as templates gave access to a high degree of versatility in terms of formulations and functionalization. As with any other emulsion, LIPE is made of two immiscible phases that can be possibly loaded by any compatible fillers. Therefore, functionalities can be imparted to the polymer matrix and the porosity in a specific and selective way. (The high volume and mass fraction of the oil phase makes possible a high relative loading of the polymer matrix generated by conversion of the LIPE into porous HCPEG via photopolymerization. This level of loading would not be achievable in the case of a high internal phase emulsion due to the reduced volume of the oil phase.



As anticipated previously, the material processability was investigated and tested towards several runs of microneedles arrays fabrication by replica molding, the main aspects of which will be later discussed more in detail.



In order to fabricate practical microneedles arrays, the formulation of the low internal phase emulsion was optimized to reach the best compromise between mechanical strength and porosity once photo-crosslinked into a monolithic porous polymer material. Ideally, the Young’s Modulus of a microneedle should be 1.0 GPa or more to enable skin piercing [47]. On the other hand, the presence of open and dense porosity was also desirable from many applicative standpoints, e.g., microneedles patch for drug delivery, body fluids suction, and bio-sensing devices. Eventually, we optimized a material featuring dense meso-porosity without compromising the mechanical performance in respect to the bulk plastic material. SEM morphological analysis (Figure 1b) of our porous HCPEG showed an inner porosity composed of several sub-micrometric pores randomly distributed throughout the material. Nevertheless, a closer look at the material by means of TEM morphological analysis (Figure 1c,d) clearly revealed nano-pores throughout the inner structure.



It was evident from the morphological analysis that this material featured micro and nano-porosities. Nanoindentation mechanical characterizations of both porous and non-porous HCPEG showed a decrease in Young’s Modulus from 2.16 GPa down to 1.63 GPa (Figure 2) because of the porous inner structure. Despite this remarkable decrease, the Young’s Modulus was still well above the 1.0 GPa threshold. Notably, the Young’s Modulus did not scatter throughout all the indentation depth, indicating that the porosity was homogenous throughout the inner structure of porous-PEG on the nanoindenter length scale.



So far, we have achieved a material showing mechanical strength, micro, and nano-porosity. A closer inspection of the porosity by SEM (Figure 1b) shows mesopores sitting on the walls of micropores (indicated by the red arrows in the insert). Seemingly, the morphological analysis indicated an open porous structure.



Following this conclusion, we further tested it by carrying out molecular permeability studies. Specimens of the monolithic material (porous and non-porous) were immersed in sulforhodamine B solutions and their inner structures were afterward observed with confocal fluorescence microscopy (Figure 3a–c). Notably, the fluorescence signal coming from the probe molecules was found to be evenly distributed in the porosity throughout the material. At the same time, the bulk non-porous plastic material did not allow probe fluorescent molecules to penetrate the inner structure (Figure 3a). It is obvious that in presence of a closed porous structure the fluorescent probe molecules must be found just in proximity of the specimen surface, as it happens for the bulk non-porous material. Nevertheless, the fluorescent probe can be found in the internal pores of the specimen only if the pores are somehow interconnected and molecules can freely move throughout the material. On this basis, we deduced that molecules may permeate throughout the polymer mesh with the pores acting as micro/nano-flasks.



As proof of concept of phase-specific loading, we first loaded the oil phase with polyaniline emeraldine salt doped by camphorsulfonic acid (PANI), and the pores with gold nanowires networks (GNWs). Polyaniline emeraldine salt is a semiconductive polymer featuring many advantages over other semiconducting polymers such as low cost, easy synthesis, range of electrical conductivities, and unique reversible proton doping/de-doping processes [48]. The semi-conductiv emeraldine salt form of polyaniline features a partially filled valence band, which makes it electrically semiconductive via hopping of delocalized radical polaron. This condition makes this polymer highly polarizable and its polarizability depends on the valence band filling density. The polarizability of polyaniline determines its impedance response, and it can be tuned by modifying the radical polaron distribution through structural or chemical changes in the polymer chain. Despite its advantages, polyaniline is not easy to process because it is poorly dispersed in water and most organic solvents. Despite this, we found out that polyaniline doped CSA is easily dispersible in the low internal phase emulsion up to 0.8% wt.



On the other hand, gold nanowires networks (GNWs) are 2D plasmonic nanostructures dispersed in water. These metallic nanostructures show catalytic activity, can be easily functionalized with biomolecules, and can serve as SERS substrates [45]. Furthermore, both fillers do not significantly affect the indentation profile (Figure 2). The thickness of the nanowires in the GNWs can vary from 4–5 nm to a few tens of nm and the extension of the network can reach several microns. The percentage of gold was 0.4% wt and it was the highest amount possible.



Electron microscopy (TEM and SEM) of the composite materials gave insights into ultrastructure. Despite the loading of fillers in the phases composing the low internal phase emulsion, the composite materials retained the porous morphology (Figure 1e,g). Moreover, TEM and SEM analysis pointed out that each filler was included in specific regions, indeed GNWs were mostly included in the pores (Figure 1e), while polyaniline was dispersed in the HCPEG matrix (Figure 1g). Thus, phase selective loading of pores and polymer matrix could be achieved using this procedure. This selectivity is explained by considering that polyaniline is dispersible in PEG-DA but immiscible with water; instead, gold nanowires networks are dispersible in water and immiscible with PEG-DA. Moreover, during the preparation of the low internal phase emulsion, there is no contamination of the porosity with PANI although Au signals can be found both in the porosity and in the polymer matrix (Figure S1). Figure 1f shows a TEM image of GNWs which well compares to the GNWs included in the pores (Figure 1e). Statistical descriptors (Table 1) indicate that by increasing the loading of PANI in the porous HCPEG the porosity distribution shifts towards larger sizes and it becomes more dispersed.



Besides this, the effect of the GNWs filling on the pore size distribution was considered (Figure S2) and the higher was the concentration of GNWs the smaller and more uniform was the porosity. This effect recalls what is generally observed in Pickering emulsions [49] where nanostructures, due to their good wettability both in the oil and water phases, absorb on the droplets surface to form a coating to prevent them from gathering. In Figure 1e the nanostructures were localized at the edges of the pore, which once was the interface between oil and water phases. This morphological feature is a strong indication of the Pickering effect.



Dielectric properties of several composite materials were investigated by Electrical Impedance Spectroscopy (ESI). Nyquist Plots (Z’ vs. –Z’’ plots), Impedance vs. frequency, and Phase shift vs. frequency plots, also known as Bode Plots, are reported in Figure 4 for the following porous monoliths: HCPEG (Figure 4a,b), HCPEG−GNWs (0.4% wt) (Figure 4c,d), HCPEG−PANI (0.8% wt) (Figure 4e,f), and HCPEG−PANI (0.8% wt)−GNWs (0.4% wt) (Figure 4g,h). All the monoliths showed two characteristic time constants (  τ 1   and   τ 2  , two distorted semi-circles in the Nyquist plots) indicating the existence of two dipole relaxation processes.



Nyquist plots showed a certain degree of distortion indicating that the frequency-dependent impedance cannot be interpreted in terms of ideal circuit elements in an equivalent circuit. Besides, we may tentatively ascribe these two processes to the dipole relaxation of the polymer matrix and porosity respectively, but it is difficult, if not impossible, to derive physical parameters like a chemical capacity, a double layer capacity, or a resistance which can be linked either to one phase or the other just by fitting an equivalent circuit. These physical parameters are lumped and cannot be derived directly.



Surely, both fillers (PANI and GNWs) had a profound impact on the time constants   τ 1   and   τ 2   by decreasing their values which means faster dipole relaxation processes. Bode plots of porous monolithic HCPEG and HCPEG−GNWs (0.4% wt) (Figure 4b,d) showed high impedance at low frequency at about −90 phase angle ( ϕ ), clearly indicating a capacitive behaviour. When the frequency increased, the phase angle ( ϕ ) dropped to around −20 and −12 phase angle ( ϕ ) which was at around 1.9 Hz and 5.2 Hz, respectively, then it started increasing again. This suggests the occurrence of a transition from capacitive to a resistive behaviour via a dipole relaxation at those frequencies. By adding GNWs to the porous phase the resonance of this dipole relaxation shifted towards a higher frequency. Owing to that GNWs uniquely fill the porosity, one may claim that this dipole relaxation was mainly associated with the porosity.



When it comes to the HCPEG−PANI (0.8% wt), two resonances at low and at high frequencies were noticed (0.04 and 372 Hz, Figure 4e,f). Being PANI the most abundant filler, the evidence that it affected the dielectric properties, to a major extent compared to the sole GNWs, was expected.



The high-frequency dipole relaxation resonance was likely due mainly to the PANI, which filled the HCPEG matrix. Moreover, to some extent, it also influenced the dipole dielectric relaxation due to the pores.



In HCPEG−PANI (0.8% wt)−GNWs (0.4% wt) (Figure 4g,h) the low-frequency resonance almost faded away. This can be explained by invoking some sort of synergic effect where PANI and GNWs together furtherly shift this dipole relaxation towards lower frequencies, beyond the frequency range of the ESI analysis.



Notably, the Nyquist plot for HCPEG−PANI (0.8% wt)−GNWs (0.4% wt) showed a low frequency hook ending in the positive Z’’ quadrant (Figure 4g,h red marks). A positive phase angle impedance indicates that current lags voltage in the frequency range. This feature may be the signature of an inductive behaviour where energy is stored as a magnetic field, albeit it is our opinion that this is unreasonable due to the excessive and incredibly large corresponding inductance. On the other hand, assigning the low-frequency hook to a negative capacitance is even more unrealistic.



More reasonably, the low-frequency hook comes from the entanglement or reciprocal interaction between the PANI, which is dispersed in the polymer matrix, and the porosity, which is partially filled with GNWs.



AC conductivities of these composites were obtained from the dielectric losses measured as a function of pulsation [50] according to Equation (3):


   σ  A C    ( ω )  =  ϵ 0  ω  ϵ  ″    



(3)







Then the DC conductivities (Figure 5) were obtained by applying Jonscher’s power law [51] in Equation (4):


   σ  A C    ( ω )  =  σ  D C   + K  ω s   



(4)







For the production of mixed matrices, i.e., containing both fillers, it was decided to use GNW at the highest concentration (0.4% wt) for each specimen as it offers the best results in terms of porosity, and to vary only the contents of PANI. As expected electrical and dielectric properties are strongly influenced by the addition of fillers.



PEG porous matrix exhibited a typical insulating behavior characterized by low DC conductivity. By adding PANI, a semiconductive polymer, the DC conductivity increased as the filler content was increased, and a further increase occurs when GNWs are also present. The processability of the porous plastic material was tested against several runs of microneedles arrays replica molding (Figure 6). SEM morphological analysis shows that the material well replicates an array of microneedles by following this simple procedure. It is worth it to note that the internal porous architecture is preserved in the microneedles (Figure 6) despite the replica process.



As pointed out previously, water solutions can penetrate throughout the polymer matrix and enter the pores. These pores can act as micro/nano-flasks hosting molecules or even nanostructures. The inclusion of nanostructures represents a surplus due to the following reasons: (i) they can be firmly anchored to the pores due to their size, making impossible for them to escape into the matrix; (ii) nanostructures, can be imparted with specific functionalities to open up a wide range of applications.



Overall, the pores can behave as micro/nano-reactors with a relevant chemical entity, such as a catalyst, firmly anchored inside and the proper reactant molecules can reach the pores through the polymer mesh by diffusion, feeding in this way the reaction. To test this hypothesis, we made a preliminary experiment by loading free glucose oxidase enzyme, GOX (Figure 7a,b), enzymatic activity was tested by colorimetric assay [52]. Remarkably, the monolithic porous material loaded with GOX (1 U/mL) and PANI (0.8% wt) retained the enzymatic activity towards glucose oxidation to glucanolactone (Figure 7c). Some decrease of the GOX enzymatic activity was observed likely due to a partial denaturation of the enzyme occurring during the monolith fabrication process. The colorimetric marker quinoneimine was generated by the reaction catalyzed by horseradish peroxidase (HRP) which uses the hydrogen peroxide generated and released by the pores because of the glucose oxidase (GOX) enzymatic reaction (see section Enzymatic activity analysis). Ultimately, the marker is only detected when hydrogen peroxide starts leaving the specimen to reach the solution. Accordingly, when the reaction is carried out in the pores we observed a longer induction period (Figure 7c). As proof of concept, we load the HCPEG matrix with semiconductive PANI (0.8% wt) and the porosity with either GOX or GNWs. The polarizability of PANI can be modified by radicals and peroxides which alter the density of polaron states. We observed that the dielectric properties of the HCPEG matrix are quantitatively altered by the PANI filler (Figure 4e,g). Combining this aspect with the tuneable polarizability of the polyaniline itself makes the as-proposed monolithic porous composite a stimulus-responsive material. Conveniently, the GOX enzyme loaded into the pores can generate these stimuli which can reach the polyaniline filler thanks to the permeability of the material (Figure 3 and Figure 6), indeed GOX is a peroxidase enzyme generating hydrogen peroxide through its catalytic cycle (Figure 7a). Furthermore, the addition of GNWs to the formulation provides several advantages, such as increased emulsion stability and improved porosity distribution (Figure S2). Moreover, GNWs could be functionalized with enzymes like GOX and homogenize the distribution of the enzyme itself throughout the porosity. It is evident that the choice we made in terms of active fillers was not casual, as well as the microneedles replica molding to test the processability. In fact, the fillers were chosen by having in mind the progression of these composites into microneedles patches for the bloodless glycaemia monitoring by piercing and suctioning fluids from the dermis. Several studies towards this direction are currently ongoing within our group. Despite the specific needs which directed the choices above, the methodology we propose in this contribution is not limited to the mentioned application but has potentialities that go beyond and cover a much wider range, like active filtering and molecular sieving, composites materials for inflow catalysis, and many others.




4. Conclusions


In conclusion, in this contribution we present a versatile method for the fabrication of meso-porous monolithic plastic materials by photo-reticulation of stabilized low internal phase emulsions. Morphological analysis and permeability studies indicate that the as-prepared materials have an open-porous structure where the pores are interconnected. Furthermore, the fabrication procedure here adopted allows the operator to control the loading of the pores and the polymer mesh with different active fillers without considerable cross-contamination. The active fillers were chosen by having in mind a potential furthering of these monolithic porous materials into microneedles patches for bloodless glycaemia monitoring in the dermis. Our founding motivated further studies towards this direction which are currently ongoing within our group. Our analysis indicates that the proposed procedure enables us to easily tune several material properties, such as mechanical hardness and dielectric behavior. The great stability of the low internal phase emulsion makes it easily processable into complex shapes by photo reticulation, such as microneedles arrays. The proposed procedure is one of the most versatile and tuneable, which gives meso-porous plastic materials with considerable functionality.
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Figure 1. Schematic (a) of the fabrication process (Ciba® DAROCUR® 1173 photoinitiator is not represented for sake of simplicity); SEM (b) and TEM (c,d) images showing the internal structure of porous PEG (TEM scale bars 1 um (c) and 200 nm (d), SEM scale bar 10 um, the red arrows indicate the nanopores present on the walls of a microporous); (e) TEM image showing selective inclusion of GNWs (0.4% wt ) into the pores and (f) a representative TEM image of the GNWs for comparison; (g) selective dispersion of PANI 0.8 wt % in the PEG matrix. 
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Figure 2. Nanoindentation experiments showing the Young’s Modulus (GPa) as a function of the indentation depth HCPEG, porous HCPEG, and porous HCPEG filled with PANI (0.8% wt) (c) and PANI (0.8% in wt) plus GNWs (0.4% wt). 
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Figure 3. Confocal Fluorescence Microscopy of the internal of a non-porous HCPEG (a) and of a porous HCPEG matrix taken 5 min (b) and 30 min (c) after immersion in sulforhodamine B solution (1 mg/mL). The red color indicates the sulforhodamine B. 
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Figure 4. Impedance analysis of pristine porous HCPEG monolithic specimens (a,b) and porous HCPEG monolithic loaded with: GNWs (0.4% wt). (c,d), PANI (0.8% wt) (e,f) and PANI (0.8% wt) + GNWs (0.4% wt) (g,h). 
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Figure 5. DC conductivity of the composite materials with inner porous structure. 
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Figure 6. Schematic of the replica moulding fabrication process; optical image (upper) of the master microneedle array; SEM images (bottom) of the porous PEG microneedles array replica and inner structure of one single needle showing the porosity. 
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Figure 7. Porous monolithic HCPEG−PANI(8% wt) functionalized with glucose oxidase enzyme. (a) Colorimetric assay reaction and UV visible spectra; (b) glucose oxidase enzyme activity colorimetric calibration curve; (c) comparison between glucose oxidase enzyme activity in solution (1 Units/mL, PBS 100 mM, ph = 7.3) and embedded (1 Units/mL, PBS 100 mM, ph = 7.3) in the porous monolithic HCPEG−PANI (8% wt). 
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Table 1. Average pores sizes and standard deviations of the several materials (avg. stands for average, s.d. for standard deviation).
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	Specimen
	avg. Diameter, μm
	s.d.





	HCPEG
	0.77
	2.21



	HCPEG + GNW(0.4% wt)
	0.25
	0.56



	HCPEG + PANI(0.01% wt)
	1.69
	2.16



	HCPEG + PANI(0.05% wt)
	2.11
	2.79



	HCPEG + PANI(0.1% wt)
	2.36
	3.07



	HCPEG + PANI(0.8% wt)
	3.16
	4.25
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